Abstract. Al-Si A413 treated and untreated alloys were cast and poured at approximately 720 ºC, 700 ºC, and 680 ºC in a cooling slope to obtain the semisolid material feeding the ceramic nozzle (150 cm 3 ) at the lower roll (single-roll melt-dragged processing)-this drags the metallic slurry via the chill/columnar layers at a rate of 0.2 m/s, forming a molten-metal strip with a thickness of 2 mm and width 45 mm, approximately. The untreated alloy poured at 720 ºC formed coarse structures of α-Al dendrites, as well as a coarse eutectic of Al-Si and microshrinking on the surface of the casting strip facing the atmosphere. The Al-Si 413 alloy poured at 680 ºC and treated with Al5Ti1B (0.1%) led to microstructural refinement, resulting in α-Al globular structures, the absence of microporosities on the surface facing the atmosphere, and a finer and more homogeneous distribution of the eutectic grains with smaller Si particles. The AlTiB master alloys are not used as a grain refiner in Al-Si alloys because of Si poisoning. This subject is discussed in this paper. The addition of the inoculant and 0.2% of the Al-Si eutectic morphology modifying agent (Al-10%Sr) refined both the α-Al and eutectic phases more efficiently in the cast strip poured at 700 ºC and 680 ºC. This suggests that the inoculant did not interfere with the action of the modifying agent. As a result, molten metal strips of higher mechanical strengths and ductilities were obtained.
Introduction
In industry, obtaining cast alloy strips of Al (1XXX, 3XXX, 5XXX and 8XXX) from the liquid state is already a reality [1] . In Brazil, the Companhia Brasileira de Alumínio/Votorantim Metais (CBA) operates two JUMBO 3CM industrial-scale installations (Continuous Casting between Cylinders) that were delivered in July 2001 [1] . The installation at CBA can produce caster coils of aluminium alloys for rerolling [2] .
However, Al-Si alloys are hard, brittle, and, therefore, costly to process through ingoting and rolling due to the acicular eutectic and Si particles in hyper-eutectic alloys that are hard and brittle [3] . Recent studies have focussed on the manufacture of Al-Si cast strips using vertical [4] [5] [6] and horizontal roll positions [7] [8] . The cylinders in the vertical position generate greater contact area for solidification, and, therefore, greater cylindrical speed can be applied. On the other hand, the rolls in the horizontal position are much easier to control during processing. This denomination in the position of the rolls is related to the exit of the strip from the strip caster: 1) vertical and 2) horizontal.
The hypo-eutectic alloys (4-11 Si) and almost-eutectic (11-13 Si) and hyper-eutectic Si (>13 Si) alloys are popular in the casting industry because they have: 1) low melting point, 2) excellent fusibility, 3) high fluidity, 4) low coefficient of thermal expansion, 5) low contraction in solidification, 6) good specific mechanical properties, 7) high wear resistance, 8) good weldability, 9) good surface finish, and 10) good corrosion resistance [9] . Al-Si casting alloys with copper, magnesium, and nickel addition are applied in the automotive industry, such as wheels (hypoeutectic), motor blocks (almost eutectic), and pistons (hyper-eutectic) [9] . TIBAL (Al5Ti1B) is used in the industry for the grain refinement of mechanically processed Al alloys (casting followed by rolling/extrusion). TIBAL is not used in Al-Si casting alloys because of the formation of AlTiSi intermetallic compounds that prevents alloy grain refinement above 3% Si, a phenomenon known as poisoning [10] . In addition, Si increases the growth of the dendritic α-Al, and its excess may result in an AlSiTi intermetallic layer that coats TiB 2 nucleating particles, thereby significantly reducing its potential as a nucleating agent; this is the poisoning effect.
However, the compound Ti 5 Si 3 coats the TiAl 3 surface, inhibiting the α-Al phase nucleation points [11] . The survival of TiB 2 is because Ti 5 Si 3 has no nuclear affinity over TiB 2 . However, TiAl 3 is completely dissolved, and Ti remains as a solute in the melt, which may form AlSiTi, having a deleterious effect as described above. The TiAl 3 survives and coats TiB 2 , forming a duplex particle that acts as a nucleating agent. However, the Ti 5 Si 3 compound formed can coat both the TiAl 3 in the melt and the TiAl 3 /TiB 2 duplex particle, thus inhibiting heterogeneous α-Al nucleation [11] . A solution to minimize the influence of Si is to increase the amount of Al5Ti1B alloy added to preserve more particles of TiAl 3 and TiB 2 . However, it is a costly solution [11] .
Inoculation using Nb-B alloys has a positive effect on the melting of hyper-eutectic Al-Si alloys close to the eutectic point by refining both the α-Al dendrites and the eutectic grains in rectangular ingots [12] .
In casting practice, Sr or Na is added in the Al-Si melt to modify the growth of the silicon in the eutectic, creating thin structures of Si branches and, thus, improving the mechanical properties, hardness, ductility, and machinability. The addition of these alloys in the melt is known as chemical modification and does not refine the α-Al grains. Na/Sr atoms are adsorbed atomically in the Si {111} family of planes, changing the faceted growth of Si and, thus, requiring lower thermal overcooling of the interface at the atomic level [13] .
The modification can also be done naturally by imposing a high cooling rate, promoting high solidification rates in the melt [14] . The chill/columnar zone on the solidification cylinder in this work is a good example of natural modification and promotes the refining of α-Al, which does not occur when the modifying agent is only chemical, as previously described.
In this work, the microstructural evolution of the Al-Si A413 metal strips, untreated and treated, was studied using the following alloys: 1) commercial grain refiner (TIBAL-Al5Ti1B) and 2) TIBAL and the addition of the eutectic modifier Al-Si (Al-10Sr) prior to pour-out. The results of strip-casting manufacturing employing these alloys have not been discussed in the literature. Microstructure and tensile testing followed by fracture surface analysis were performed to interpret the mechanical properties using optical microscopy and scanning electronic microscopy (SEM), respectively.
Experimental Setup and Procedure

Alloys Used and Melt Preparation
The Al-Si A413 ingot (Al-11.3Si-0.1Fe-0.11Ti-0.02Sr-0.02Mn-0.001Mg-0.001Cr-0.004Ni-0.003Ga-0.008V) was cut and prepared to melt a 1300-g mass in an electric resistance furnace at 750 °C. Additions were made to the alloys for grain refinement (TIBAl (Al-5Ti-1B)/1.3 g (0.1% )) [15] and eutectic modification Al-Si (Al-9.72Sr-0.21Fe-0.12Si-0.10Ba-0.03Ca-0.01P)/ Al≈ 10Sr/2.6 g (0.2%) (data from the manufacturer), that were prepared to cast a metallic strip and compare it with the strip without any additions. The removal of surface oxide of the melt alloy AlSi A413 in the crucible was made before the addition of the alloys and the pouring operation.
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The experimental work based on the addition of alloys was performed in two conditions: 1) commercial grain refiner Al5Ti1B -1.3 g (0.1%) and 2) additions of alloys (Al≈10Sr = 2.6 g (0.2%) and TIBAL 1.3 g (0.1%)). A steel bell was designed to immerse and stir manually these addition alloys in a crucible with the melt alloy (Al-Si A413) for approximately 10 min. Pouring temperatures of approximately 720 ºC, 700 ºC, and 680 ºC were used for testing the quality of the strip casting. This temperature was measured with an immersion 3-mm-diameter K-type thermocouple.
Formation of Semisolid Materials and the Cast Strip
There is a static control of the pouring operation by the distributor (tundisk) at an approximate flow rate of 14 cm 3 /s in a cooling slope to produce the semisolid material that fills, in 10 s, the ceramic nozzle pool (150 cm 3 ) at to the lower roll (solidification roll) characterising the single-roll melt-dragged processing (SRMD) method. A cooling slope of 300-mm length with an inclination of 20° is made of mild steel in a "v" shape, with a hole at the end to allow the semisolid material to feed the nozzle. On this roll formation of the chilled/columnar grains responsible for dragging the treated and untreated metal slurry Al-Si A413 occurs at a speed of 0.2 m/s. At the exit of the lamination chair, the strip was cooled by five showers to reach room temperature.
Mechanical Testing
The tensile test in our study was carried out with the purpose of determining the values of the yield limit, resistance limit, and elongation of the Al-Si A413 cast strips for the various processing situations, as previously described. For this, a traction test machine, the EMIC model DL 100 kN, was used.
The dimensions agree with the Standard Test Method for Tension Testing of Metallic Materials [Metric] (ASTM E 8M -96).
Optical and SEM Examination
The samples for analysis by optical microscopy were prepared using the following steps: 1) sequence of sandpaper: 220, 400, 800, and 1200; 2) manual polishing with abrasive alumina; and 3) final mechanical polishing with colloidal silica. An Olympus BX51 microscope was used for microscopic analysis. Optical macroscopic analyses were performed on unetched samples to determine the quality of the cast strips. The solidification structure, defects in the Al-Si A413 melt strips, and fractographic analysis after the tensile test were examined using a Carl Zeiss Electronic Scanning Electron Microscope (SEM) -model EVO LS 15.
Results and Discussion
Production Process
Figures 1(a), (b), and (c) illustrate the production of the Al-Si A413 casting strip at the pouring temperatures 720 °C, 700 °C and 680 °C, respectively. The output of the cast strip was continuous at the pouring temperature of 680 °C, as shown in Fig. 1(c) . For a processing time of approximately 30 s, 11 m x 45 mm x 2 mm of a continuous cast strip was obtained, employing a load of 1300 g of the Al-Si A 413 alloy poured at 680 ºC. This shows a high production efficiency of the strip caster used in this work by controlling the pouring temperature.
Growth Morphology of the Molten Strips Without and With Al5Ti1B
Figures 2(a) and (b) illustrate the solid growth morphology at the beginning of strip formation of the solidification of the Al-Si A413 cast strips without and with grain refining, employing the Al5Ti1B alloy, at 720 ºC and 680 ºC, respectively. The Al-Si A413 alloy was poured at 720 °C without the treatment of the melt, at the beginning of processing, as soon as the slurry material from the cooling slope fed the nozzle and touched the lower roll of the mill. α-Al dendrites are prone to degenerate at the tertiary branches, giving rise to equiaxial grains with Al-Si eutectic aggregates between the dendritic branches, as shown in Fig. 2(a) . However, for the Al-Si A413 alloy cast at 680 °C and treated with the Al5Ti1B grain refiner, globular structures of α-Al coated with the eutectic aggregate formed, as shown in Fig. 2(b) . This may be due to the combination of the grain refiner and the higher cooling rate during processing compared to casting at 720 °C.
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Surface Finishing of Cast Strips without and with Grain Refiner
With the nozzle filled with the slurry Al-Si A413 alloy, chilled/columnar structures form on the roll surface, dragging the metal slurry and forming the surfaces of the molten strip in contact with the roll and facing the atmosphere. Figures 3(a) The SEM photographs re-emphasise the finishing of the surface formed on the lower roll and facing the atmosphere by modifying the pouring temperature and treatment of the molten alloy. For the specimens in Figs. 3(a) and (c), rough surfaces are evident in comparison with Figs. 3(b) and (d). Micropipes were formed on the surface of the cast strip facing the atmosphere at the casting temperature of 720 °C, shown in Fig. 3(c) , indicating the incomplete surface solidification of the molten strip at the outlet of the roll. However, micropipes are absent for the strip cast at 680 ºC and treated with TIBAL, as in Fig. 3(d) . These can cause a faster forwarding rate of the solidification front and refining of the eutectic because of the increase of the growth rate of the silicon in the eutectic. The surface finish of the cast strips will also determine the mechanical strength and ductility that will be analysed in this work.
Distribution of Microconstituents without and with a Grain Refiner
Comparing the microstructures of the Al-Si alloys shown in Figs. 4(a) and (b) indicates that the quality of the semisolid material is related to the treatment performed with the molten metal. Thus, after inoculation with Al5Ti1B, the eutectic slurry dragged by the chilled/columnar layer revealed a thinner eutectic phase forming small groupings of Si needles between the dendrites of α-Al in the form of globules. The use of the grain refiner significantly reduced the grain size of the cast strip both in contact with the solidification cylinder and the face facing the atmosphere for the Al-Si A413. In addition, the directionality of the columnar layer in the inoculated metal was reduced. This 
Effects of TIBAL and Al10Sr Alloys during the Al-Si A413 Strip-Casting Processing
Indeed, the addition of strontium (Al10Sr) together with the Al5Ti1B inoculant, as shown in Figs. 5(a) and (b) , increased the refinement efficiency of α-Al dendrites and eutectic grains because of their smaller size compared with those found only after the addition of the Al5Ti1B inoculant, as shown in Fig. 4(b) . Hence, the combination of the application of the inoculant and the modifying agent fulfilled its function during Al-Si A413 strip-casting processing.
The growing of α-Al grains as well as Si particles was observed between the chilled zone and refined/modified eutectic dragged by the lower roll, shown in Figs. 5(a) and (b) . This layer was not observed for the Al-Si A413 alloy without treatment as well as that refined with TIBAL at 680 °C -see Fig. 4(b) . This suggests that the eutectic modifying agent (Al10Sr) promoted the union of the Si particles with the recrystallization and growth of the α-Al grains in the chilled zone. The transition layer is practically twice as big in the cast alloy at 700 °C as that in the casting at 680 °C, as shown in Figs. 5(a) and (b), because of the higher amount of heat required to be removed. This suggests that Al-10Sr should induce higher alloy thermal diffusivity, decreasing the heat gradient in front of the chilled zone and suitable to obtain coarser α-Al dendrites that locally influence the final solidification microstructure of the strip. Porosities were observed along the thickness of the strip for the alloy poured at 700 °C -see Fig. 5(a) . These can be attributed to the slurry remaining in the superheated eutectic liquid between the arms of the α-Al dendrites. Table 1 shows that the cast Al-Si A413 strips poured at 680 ºC and treated with Al5Ti1B and Al10Sr alloys have substantially higher ductility and mechanical strength than those without melt treatment, because the microstructure is more refined, as shown in Fig. 5(b) . All the fracture surfaces of the cast strips subjected to tensile testing are shown in Fig. 6 . The fracture surface observed by SEM emphasized the brittle nature of the melt strip at 720 °C without any treatment. Columnar grains were formed in contact with the solidification roll, and the fracture in this region had an intergranular feature. On the surface of the molten strip facing the atmosphere, the fracture was by cleavage.
Mechanical Properties and Fractographic Analysis
For the samples treated with a grain refiner and modified with strontium, it is evident that columnar grains were absent. The SEM images show microspherical dimples characteristic of ductile fracture resulting from uniaxial tensile loads in the region in close contact with the cylinder, as seen in Fig. 6 . The fracture surfaces of the refined and modified samples in the region that faced the atmosphere revealed extensive shear. These characteristics agree with the ductility obtained in the tensile test for these samples.
However, for the strip only refined with TIBAL, the tensile test showed a mixed fracture, with both brittle and ductile characteristics, in the region of the strip surface oriented to the atmosphere, as shown in Fig. 6 . A fragile eutectic clustering involved α-Al ductile dendrites, resulting in intercalated cleavage with microcavity characteristics.
Micropores were scattered along the thickness of the strip refined with Al5Ti1B and modified with strontium at 700 °C (see Fig. 6 ). As previously described, it appears that possibly the eutecticrich pools were trapped between the dendrites of α-Al. These puddles were arrested during the processing of the cast strip and solidified later.
Summary and Conclusions
Cast strips were fabricated by the Al-Si A413 alloy untreated and treated with Al5Ti1B and Al10Sr alloys by single-cylinder processing that dragged the semisolid material through a chilled/columnar zone nucleated in the roll at a speed of 0.2 m/s. The casting temperature was varied to examine its effect on the properties. During processing, the strips cast at 720 °C and 700 °C adhered to the cylinder surface, whereas at the casting temperature of 680 °C, this defect was not observed. The formation of α-Al globular grains was achieved using the Al5Ti1B grain refiner in the manufacture of Al-Si A413 alloy cast strips. The aluminium-silicon eutectic phase was significantly refined with the addition of the Al5Ti1B and Al10Sr alloys, resulting in a cast metal strip more compact than that obtained untreated in the melt. The mechanical properties and ductility were substantially increased in the strips cast at 680 ºC and treated with the grain refiner, and modified with strontium by the refining of both Al-α and eutectic Al-Si. The addition of the Al5Ti1B grain refiner did not lead to the 11.3% Si concentration poisoning effect, which can be attributed to the high cooling rate resulting from the fabrication of the molten strip directly from the liquid state. Consequently, the mechanical strength increased with the addition of Al5Ti1B. At the interface, coarse grains of α-Al and silicon particles formed, with the simultaneous addition of the alloys Al5Ti1B and Al10Sr in the melt. This transition layer can be controlled using the casting temperature, because a thinner transition layer and better mechanical properties and ductility resulted when casting at 680 °C. Intergranular and cleavage fractures occurred, between the columnar grains and in the region facing the atmosphere, respectively, for the strip cast at 720 °C without treatment. Thus, lower mechanical strengths and ductilities were obtained. Both the addition of alloys (Al5Ti1B and Al10Sr) and the lower casting temperature (680 °C) of the melt should be used to obtain high productivity, mechanical strength, and ductility in the Al-Si A413 melt strips.
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